tivity of the ecosystem (Ring, 1995; Berden et al., 1997; Katzensteiner, 2003 evaluate the risks of NO 3 Ϫ leaching after the dieback in the highlands of the national park, the following study was conducted.
D
uring the last decade a combination of mild win-
The purpose of this article is to answer the followters, warm summers, and storm events promoted ing questions: the development of large populations of bark beetles (Ips typographus) in the Bavarian Forest National Park, 1. Are there changes in the total N supply and C/N especially in the mountainous spruce ecosystem of the ratios of the soil? highlands (1100-1450 m altitude). Because natural pro-2. How long are NO 3 Ϫ concentrations in seepage water cesses have priority in the national park, no counter mea-(40-cm depth) elevated? sures against the bark beetle attack were undertaken 3. Do peak and flux weighted yearly NO 3 Ϫ concentraexcept for the creation of a border zone of 500 to 1000 m tions exceed the European limit of drinking water wide to prevent further outbreak expansion into private quality? forests. As a result, nearly all stands (mostly Norway 4. Does ground vegetation have a significant influence spruce) in the unmanaged zone of the highlands of the on NO 3 Ϫ leaching? national park were killed. An increase in NO 3 Ϫ concentrations in seepage water after clear-cutting (Likens MATERIALS AND METHODS et al., 1969; Borman and Likens, 1979; Vitousek et al., Site and Stand Description 1979; Weis et al., 2001; Huber et al., 2004b) and storm events (Mellert et al., 1996) is often described. The magThe Bavarian Forest National Park is situated 150 km east nitude varies widely (Mellert et al., 1996; Weis et al., of Munich along the border of the Czech Republic (Fig. 1a,   2001 ) and depends on the N status, fertility, and producb). The park was founded 1970 as the first national park in Germany to protect the forest landscape in the low mountain Fachgebiet fü r Waldernä hrung und Wasserhaushalt, Department fü r range. The park was expanded in 1997 ("expansion area") Ö kologie, Wissenschaftszentrum Weihenstephan, TU-Mü nchen, Am from an area of approximately 10 000 ha to 24 250 ha (Fig. 1b) . are given priority in the national park despite intensive protest of the residents in this area. The park exhibits the largest un- managed forested area in Central Europe. The extensive unmus), subdivided into LOf1, Of2, and Oh covers the mineral soil. pH values are low with a minimum in the Oh horizon managed zone is concentrated in the old part of the park (Rachel-Lusen area), which compromises 75% of this area.
(2.6 in CaCl 2 ). The base saturation of the mineral soil is between 2 and 10%. Approximately 8000 kg N ha Ϫ1 are stored In the expansion zone (Falkenstein-Rachel area), however, most of the area will be managed until 2017. In a 500-m buffer down to the 40-cm soil depth (Huber et al., 2004a) . Nitrogen fluxes in throughfall of intact stands were in the range of 12 to zone (see Fig. 1c ) infested trees were cut to prevent further bark beetle infestation into private forests (Rall, 1999 The plots listed in Table 1 have been under investigato the bark beetle attack (Heurich et al., 2001) . Before the bark tion since May 1999. Five of the six plots are located on a beetle attack, a mountainous Norway spruce forest uniformly plateau in the area of the Reschbachklause (48.933Њ N lat; covered the highland area (plant community: Soldanello-Pice-13.583Њ E long; altitude 1150 m above sea level) in the unmanatum barbilophoietosum). Trees were 80 to 300 yr old and spoged Rachel Lusen area ("old part"). Additionally, the plot radically mixed with mountain ash (Sorbus aucuparia L.) The Buchenau (49.033Њ N lat; 13.333Њ E long; 1100 m above sea ground flora was dominated by hairy reed grass (Calamagroslevel) is investigated, which is situated in the managed Faltis villosa Chaix) and waify hair grass (Deschampsia flexuosa kenstein Rachel area ("expansion area"), where bark beetle L.). Other species present were bilberry (Vaccinium myrtillus prevention will be conducted until 2017 (see Fig. 1c ). L.), greater wood rush (Luzula sylvatica Huds.), wood sorrel Within the investigation period, a chronosequence from the (Oxalis acetosella L.), different sphagnum mosses (Sphagnum beginning of the dieback (Year 0) to the 7th year after the ssp.), broom moss (Dicranum scoparium Hedw.), and polytridieback and the 16th to 18th year after the dieback was estabchum moss (Polytrichum attenuatum Menz.). The mean annual lished. The scheme of the chronosequence is presented in air temperature in the highlands is 3.0 to 4.5ЊC, mean annual Table 1 . The criteria for selecting the plots and more informaprecipitation (of which 50% is snow) is around 1600 mm with tion about the plots are given in Huber et al. (2004a) . a maximum of Ͼ2000 mm in some years. The growing season is short with an average snow cover of 7 mo (October-May).
Soil Water Samples
The soil is an acidic brown earth (FAO, Dystric Cambisol), rich in humus, with indications of podzolization, and is strongly Soil water samples were collected with 10 to 20 subsamples per plot with ceramic tension lysimeters (SKL 100, UMS, acidified in the topsoil. A 10-to 18-cm organic layer (raw hu- Munich) with an tension of 60 kPa at a 40-cm depth from the plot. Aboveground biomass and nutrient storage of ground vegetation were determined on each plot at separate subplots top of the soil (below the main rooting zone). These soil water samplers were installed vertically, in hand-augered holes. Disnearby. Nitrogen storage was calculated by the multiplication of coverage, biomass, and nutrient content. Carbon and N turbance was kept to a minimum during installation by use of mats, and when complete, access to the sampler areas was
were measured with CHN (Leco) on dried samples. The analyzed species were in order of their average coverage: waify restricted. A self-made portable 12-V vacuum pump is used to partially evacuate glass bottles attached to the samplers. hair grass, hairy reed grass, "other mosses" (mainly broom moss), bilberry, polytrichum moss, red respberry (Rubus idaeus L.), The first two samples after the installation were rejected to eliminate installation disturbance effects. The glass bottles are stiff clubmoss (Lycopodium annotium L.), hairy wood rush (Luzula pilosa L.), spinulose wood fern (Dryopteris carthusiprotected against light by plastic buckets. For all samples, ground vegetation coverage by species was determined once ana Vill.), Oxalis acetosella, and broad leaved willowherb (Epilobium montanum L.). a year. Samples were taken after the snowmelt (April, May) on a biweekly to monthly basis. Soil water samples were filtered using membrane filters with a pore size of 0.45 m
Statistical Analysis
(Schleicher and Schuell, NC45) and stored until they were Statistical calculations were done using the statistics packanalyzed at 4ЊC. Nitrate was measured with ion chromatogage SPSS 11.5 for Windows. Significance of the regression lines raphy (Dionex, IC2020I).
was tested using an F test. The significance of the differences in NO 3 Ϫ concentrations and C/N ratios were tested using a one-
Estimation of Water and Nutrient Fluxes
way ANOVA. A Bonferroni test was used as a post-hoc test, Water fluxes were calculated with computer model and Thamhane's T2 was used when variances were not equal BROOK90 (Federer, 1997) . Air temperature, relative humidaccording to Levene statistics. A critical probability level of ity, and radiation were measured on each plot in hourly inter-0.05 was used to indicate significant differences. The total N pool in the soil (Table 2) . The highoperated by the German Weather Service and the National est soil N pools were found in the first year after the Park Administration. This data were used for modeling after dieback. However, the standard deviation was in all modifications were made with the data collected on the site. cases higher than the differences between the plots.
Soil density, depths of horizons, and organic C content were directly determined on the site. Data about soil texture were A statistically significant decrease in the C/N ratio taken from earlier investigations of comparable stands. Paramfrom the beginning of the attack to 17 yr after the dieeters like yield and growth data were taken from stands close back could be detected for the humus layers (Table 3) . ) directly at the suction cups on each dieback, the lowest concentrations were regularly found Table 4 shows the percent coverage and the N accuprecipitation in this area, NO 3 Ϫ concentrations were mulation in aboveground parts of ground vegetation. rarely above the European level for drinking water. For
In the intact stand the coverage by ground vegetation the Years 16 to 18 after the dieback, NO 3 Ϫ concentrawas in total 74% with mosses dominating (43%). This tions were low (Ͻ50 mol c L
Ϫ1
) again. Figure 3 shows resulted in relatively high values of N storage (6.49 g N the flux weighted yearly NO 3 Ϫ concentrations of the chrom Ϫ2 ). After the dieback the coverage of ground vegetanosequence. Concentrations directly after snow melting tion and the N storage is slightly reduced (minimum had a high weight for the calculated flux weighted con-4.94 g N m Ϫ2 in the year of the dieback), then it increased centrations due to the high water fluxes in this period.
again with a relative maximum in the fourth year (6.96 g During this time the concentrations were lower than the N m Ϫ2 ), later decreased values (4.41 g N m Ϫ2 ) in the rest of the year (see Fig. 2 ) and as a result, the yearly flux seventh year and higher values in Years 16, 17, and 18. weighted concentrations never exceeded the European limit for drinking water of 805 mol c L Ϫ1 . In the intact stands the average concentrations were relatively low with 75 mol c L Ϫ1 in the expansion area, and 27 mol c L Ϫ1 in the "old part." A significant elevation was estimated for the Years 1 to 5 after the dieback. The highest flux weighted yearly concentrations was reached in the Ϫ concentration (means and 95% confidence intervals) before and after the dieback of the stand. Significant differences between the intact stand (Ϫ1) and the relevant year are marked with asterisks. E, intact stand in the expansion area; Ϫ1, intact stand 1 yr before the attack; 0, year of the dieback; 1, 1 yr after the dieback; and so on. Each point was determined from a minimum of 10 suction cups. The scheme of the chronosequence is presented in Table 2 . Significance of the Fig. 2 . Chronosequence of the NO 3 Ϫ concentration in seepage water at the 40-cm depth (means Ϯ 95% confidence intervals) before differences were tested using a one-way ANOVA. Thamhane's T2 test was used as a post-hoc test because variances were not equal and after the bark beetle attack. Each point was determined from a minimum of 10 suction cups. The scheme of the chronosequence according to Levene statistics. A critical probability level of 0.05 was used to indicate significant differences. is presented in Table 1 . Deschamspsia flexuosa and (or) Calamagrostis villosa of bark beetle attacks in an unmanaged forest ecosystem were the most important species for N accumulation generally remained below the European level for drinkfrom Year 1 to 7 after the dieback. In the Years 16 to ing water and is predominantly attributed to the rela-18, Rubus ideaus was responsible for the fact that N tively high levels of precipitation in that region. Eleaccumulation increased (12.58 g N m Ϫ2 in Year 16). Net vated NO 3 Ϫ peak concentrations were often found after storage (storage of N after the dieback in comparison catastrophic events in Bavarian forests. After clear-cutwith the year when the stand was intact) is relatively ting the N-saturated Hö glwald site average concentralow for the first 7 yr. Partial to totally uncovered patches tions up to 2750 mol c L Ϫ1 occurred (Huber et al., 2004b ) of ground vegetation are created by forest residues that and after storm events concentrations raised up to 3500 have fallen from the dead trees and reduce the coverage mol c L Ϫ1 ) (Mellert et al., 1996) . Nitrate concentrations of the ground vegetation over time.
were moderately elevated in case studies in the Austrian Alps (Katzensteiner, 2003) Figure 4 shows the influence of ground vegetation though in all experiments the NO 3 Ϫ concentration recoverage for different years after the dieback. In the mained below the European limit for drinking water. intact stands in the year of the dieback, and in the first However, in contrast to these, NO 3 Ϫ concentrations in year after the dieback, no significant effect of coverage many studies of such catastrophic events remained on on NO 3 Ϫ concentration was detected. Significant effects a much lower level. In a study of Johnson and Todd could be observed for the Years 2, 3, 4, and 5. Nitrate con-(1988) maximum NO 3 Ϫ concentrations of ෂ25 mol c L Ϫ1 centrations are high when the coverage of the ground were measured. Relatively low NO 3 Ϫ concentrations were vegetation is low, mostly on places with high amounts observed after clear-cutting a N-limited mixed coniferof wood debris from the dead trees. On places uncovous stand in Finland (Ͻ20 mol c L
; Piirainen et al., ered by vegetation, leachate of NO 3 Ϫ was approximately 2002), in an Irish catchment study (ෂ40 mol c L
; Cum-400 mol c L Ϫ1 higher than on fully covered ones. The mins and Farrell, 2003) , and in the majority of sites first pulse of NO 3 Ϫ released by mineralization is comclear-felled in Great Britain (Reynolds and Edwards, pleted after about 3 yr, during which most of the dead 1995; Neal et al., 1998) . Especially on N-limited or nonwood is still standing. However, after further distur-N-saturated sites, where forest growth is enhanced by bances, especially when the standing dead boles break N deposition or fertilization, leaching of NO 3 Ϫ after cleardue to white rot and/or storm events, more woody decutting can be very low (Ring, 1995; Berden et al., 1997) . bris accumulates on the ground, the stands open up, Huber et al. (2004a) came to the conclusion that despite and the mineralization pulse starts again with highest the fact that a lot of research has been done, the nitrate NO 3 Ϫ concentrations on uncovered places. and nutrient losses after disturbances of the forest vegetation are difficult to predict for forest managers, as there
DISCUSSION
are no practicable and accurate computer based model predictions available. Massive disturbances of forest vegetation due to clearIn the present study of a "natural dieback" the highest felling or other harvesting methods (Vitousek et al., 1979) , concentrations occurred in the fifth year after the diestorm events (Mellert et al., 1996) , or insect outbreaks back. In other case studies, NO 3 Ϫ peaks occurred much (Swank et al., 1981) can lead to N leaching losses and
earlier. An increase in NO 3 Ϫ was observed in Hubbard temporarily elevated NO 3 Ϫ concentrations in the soil solution. The fact that NO 3 Ϫ concentrations in the study Brook 1 yr following whole tree harvesting and reached the maximum in the next year. A decline to near referalso exhibited a seasonal NO 3 Ϫ peak after the growing season (Mellert et al., 1996; Weis et al., 2001 ; De Keersence concentrations was recognized after 4 to 5 yr (Dahlgren and Driscoll, 1994) . In the clear-cut at the N-satumaeker et al., 2000) . Between Years 2 and 5 after the dieback, I observed rated Hö glwald site, the year following the clear cut had the highest NO 3 Ϫ concentrations. However, just 2 yr after a significant reduction of NO 3 Ϫ concentrations in seepage water on plots covered by ground vegetation (mostly the clear-cutting, NO 3 Ϫ concentrations were below the control plot (Huber et al., 2004b) . The delay in NO 3 Ϫ hairy reed grass and waify hair grass) in comparison with uncovered ones. Hairy reed grass communities reduced peak concentrations in the present study may be explained by the shading effect of standing dead trees in NO 3 Ϫ leaching significantly in deforested sites in the Beskidy Mountains, Czech Republic (Holub, 2003 ; Fiala the first years, and by the break down of the stems, and also the addition of organic material to the soil in the et al., 2005). Also, in the studies of Vitousek et al. (1979) , Stevens and Hornung (1990) , Emmett et al. (1991) , Melfollowing years. Likewise, in the Hubbard Brook experiment, a distinct delay in the release of NO 3 Ϫ to the soil lert et al. (1996) , and Weis et al. (2001) it was supposed that ground vegetation is an effective sink to reduce solutions could be detected. Borman and Likens (1979) explained the delay by a temporary immobilization of NO 3 Ϫ concentrations in seepage water. However, no relevant net N uptake by ground vegeta-N due to increasing populations of microorganisms consuming organic material with a high C/N ratio. As the tion could be observed when comparing the N storage in ground vegetation from an intact stand with the N C/N ratio decreases and demand by microorganisms for N declines, excess N is released by decomposition and storage in Year 7 after the dieback. Due to a mulch effect of wood, bark, twigs, and needles from the dead may be leached. In the present study a decrease in the C/N ratio of the humus horizons could also be detected. trees a mosaic is generated with bare to fully covered places. Therefore, the coverage by ground vegetation In the bark beetle-infested stands, NO 3 Ϫ concentrations were higher in autumn, due to lower precipitation is from Year 0 to 7, sometimes lower than in an intact stand. In Years 1, 6, and 7 after the dieback, the NO 3 Ϫ (therefore less dilution) and the end of the growing season for the ground vegetation. A lot of disturbed stands concentration was independent from coverage by ground vegetation. Compared with the high yearly N losses with be leached and accompany NO 3 Ϫ in seepage water (see results in Huber et al., 2004a Ϫ losses with seepage (500-600 kg N ha Ϫ1 within 7 yr after the dieback) no significant changes ACKNOWLEDGMENTS in the total N content of the soil could be detected. The amount of N stored in the residues left on the site equal
The paper was presented at the "Conference of Water and the losses of seepage water (Huber et al., 2004a) , plus Challenges, and Restrictions, [19] [20] [21] an unknown amount due to the emission of N trace gases. ) will also
